Background: The immunization rates for some diseases, including measles, were so low in Germany in recent years that endemic outbreaks occurred. A finely detailed geographic analysis of immunization rates is necessary for the identification of under-immunized areas.
I
mmunizations are an effective measure for preventing infectious diseases, which cause substantial morbidity and whose sequelae, especially in children, can lead to retardation, disability, and even death (1, 2, e1) . High rates of immunization in the population are desirable, because in this way, collective protection ("herd immunity") can be achieved for some vaccinepreventable diseases (3, e2) . Herd immunity is reached once a pathogen does not encounter a sufficiently large number of susceptible persons and its spread is therefore interrupted.
For some vaccine-preventable diseases, immunization rates in Germany are too low, so that endemic transmission and outbreaks are possible (4, 5) . The applicable and most up to date recommendations on vaccination are published by Germany's Standing Committee on Vaccination (STIKO), but these are not accepted by all doctors and patients. Common reasons for vaccine-skeptical behavior are the fear of unknown side effects and a lack of trust in the safety of vaccines (6, 7, e3) . New vaccines are clinically tested before they receive license approval, and they are subject to continuing postmarketing surveillance afterwards. Because relevant results are published, doubts and fears are usually unsubstantiated in the context of the vaccines in use today (8) .
Data on immunization rates in Germany are collected in the context of annual school entrance examinations by the public health offices in the regional and local administrative districts. The data are aggregated at the level of the federal state (Land; pl., Länder) and passed on to the Robert Koch Institute (RKI), which publishes immunization rates for the whole of Germany on this basis. For 2012, the RKI reported nationwide immunization rates of 96.1% for tetanus, 95.4 for pertussis, 94.9% for polio, 86.9% for hepatitis B, and 92.4% for measles (9) . Regional immunization rates are also collected and evaluated at the international level-for example, in Australia in the Australian Childhood Immunisation Register (ACIR) and in New Zealand in the National Immunisation Register (NIR) (10, 11) . An up to date detailed description of nationwide immunization rates in Germany at the level of regional administrative districts does currently not exist. The present study aims to describe immunization rates for selected vaccinations in small areas, in order to identify regions with an increased need for information and education about the importance of immunizations and the increased risk of endemic outbreaks.
Including tetanus, pertussis, polio, hepatitis B, and measles, means including only a proportion of the pathogens for which the STIKO recommends childhood immunization. eFigures 1-3 show the data for pertussis, polio, mumps, and rubella (German measles). The tetanus vaccine was introduced as early as in 1927 and is therefore one of the oldest immunizations. It is known to have reached high immunization rates in childhood and is well accepted by doctors and parents (12) . In recent years, endemic outbreaks (4, 13) and a rising incidence of pertussis in adults (12, 14) have been increasingly observed. Since 1992, no wild poliovirus has circulated in Germany (e4). The risk of vaccine-associated paralytic poliomyelitis (VAPP)-a possible complication when the live attenuated oral polio vaccine (OPV) is used-has been eliminated as a consequence of using the inactivated (killed) polio vaccine, which has been recommended in Germany since 1998 (16) . The World Health Organization is still pursuing the goal of global eradication of polio. Hepatitis B immunization has been available in Germany since 1982 and has been recommended since 1995 in the context of basic childhood immunizations. In spite of a generally positive trend in recent years, immunization rates are still unsatisfactory in some regions (17) . The mass media are full of controversial discussions about the measles vaccine, often in connection with the fear of unknown side effects or possible associations with other diseases (18-21, e5, e6) .
Methods
The immunization rates at the level of the regional districts were made available by the state public health offices in the Länder. We used the data collected at the level of the districts during the school entrance examinations of the examination cohort of 2012. For Saarland, we analyzed data from the 2011 cohort because 2012 data were not available, owing to incomplete evaluations. The school entrance examination collects data on all children entering the school system. To determine immunization rates, only children with an immunization passport (nationwide proportion 92.6% [9] ) were included in our analysis. For reasons of legal data protection, declarations of consent had to be obtained from all public health offices in Hesse and SchleswigHolstein, for the purposes of passing on the data. Data sets from North Rhine-Westphalia, Berlin, Rhineland-Palatinate, and Saarland were extracted via the internet from the websites of the respective supreme state authorities. The school entrance examinations in Baden-Württemberg collect data on a birth cohort that is about 1 year younger than those in the other German Länder. In Hesse, the immunization rates for mumps, measles, and rubella (MMR) are collected jointly because of the overwhelming use of the combined vaccine.
Saxony is the only German Land to have its own vaccination committee with its own recommendations, the Vaccination Committee of the State of Saxony (SIKO). In contrast to STIKO's rules, the completed immunization status in school entrance examinations according to SIKO requires a booster in tetanus and pertussis. In parallel, the completed basic childhood immunization according to STIKO is also captured in Saxony. For this reason, data are available for these immunizations that are directly comparable with those of the other German Länder. The second dose of the measles vaccine, which is required for the complete basic immunization, is recommended in Saxony only after the completed 5 th year of life, in contrast to the STIKO recommendations. In spite of these diverging recommendations, a complete immunization status at the time of the school entrance examination requires two vaccine doses, nationwide (22, 23, e7) .
The 402 districts (status of 2012) constitute the smallest regional presentation level. The maps were compiled by using the geographical information system (GIS) ESRI ArcGIS™10.0. A consistent color scale was used for all maps; the individual legends comprise only categories that are included in the maps. 
Results

Tetanus immunization
The tetanus immunization rates ( Figure 1) are high, at mostly >95% in all of Germany. The standard deviation of immunization rates in the districts from nationwide immunization rates is 1.9% (eTable 1a, b). In Baden-Württemberg, Schleswig-Holstein, Hamburg, and North Rhine-Westphalia, various regions have immunization rates <95%. Two districts in Baden-Württemberg had immunization rates <90%.
Pertussis immunization
In spite of higher average immunization rates in the new Länder (former East Germany) compared with the old Länder (former West Germany), state-wide immunization rates for pertussis of >95% are not reached in any Land except Mecklenburg-Western Pomerania and Saxony (eFigure 1). Immunization rates of <95% are seen in Berlin, Bremen, and Hamburg, and in all old German states in several districts, with the exception of Rhineland-Palatinate and Saarland. Immunization rates <90% were seen in Bavaria, Baden-Württemberg, and Lower Saxony. The standard deviation of immunization rates for the districts is 2.1% (eTable 1a, b).
According to SIKO recommendations, immunization rates for tetanus and pertussis of between 28.5% and 57.4% are documented for Saxony's districts.
Poliomyelitis immunization
The immunization rates for polio are >95% in most rural districts (eFigure 2). Immunization rates <95% were observed in Bremen and Hamburg, and, to a larger extent, in Baden-Württemberg, Bavaria, SchleswigHolstein, and North Rhine-Westphalia. In two rural districts in North Rhine-Westphalia, immunization rates of <85% were documented. An exhaustive coverage >95% was reached only in Mecklenburg-Western Pomerania. The standard deviation of immunization rates in rural districts in the whole of Germany is 2.5% (eTable 1a, b).
Hepatitis B immunization
The immunization rates for hepatitis B (Figure 2 ) are mostly <95% and are lower in western states than in eastern ones. A comprehensive immunization rate of >90% was achieved only in Mecklenburg-Western Pomerania and Saxony-Anhalt, as well as in most of in Brandenburg, Rhineland-Palatinate and Saarland. Districts with immunization rates <80% are located mainly in Baden-Württemberg, Bavaria, and North Rhine-Westphalia, as well as in individual cases in Schleswig-Holstein, Lower Saxony, and Hesse. The lowest immunization rates, <65%, were reported for six districts from Baden-Württemberg and Bavaria. The standard deviation for immunization rates of all districts is 7.5% (eTable 1a, b).
Measles immunization
The immunization rates for measles ( Figure 3 ) reach >95%-the rate that is comprehensively required for the purposes of eradication-only in Mecklenburg-Western Pomerania. With the exception of Hamburg, Bremen, and Berlin, all other states except Saarland have at least one district with an immunization rate <90%. All districts with an immunization rate <85% are located in Bavaria and Baden-Württem-berg. In Saxony, <75% of all children have completed their basic immunizations. The standard deviation of immunization rates in the districts is 5.9% (eTable 1a, b; excluding Saxony: 3.5%).
Discussion
This article presents for the first time a geographical analysis by district of the immunization rates for selected immunizations on the basis of school entry examinations. At the present time, this constitutes the only annual population based data collection of immunization rates in one age group of this size in Germany.
Of note was the difference between east and west: the states of former East Germany had higher immuniza tion rates than those of former West Germany. For measles immunization and hepatitis B immunization, this divide is more pronounced than for immunizations for tetanus, pertussis, and polio. One In recent decades, the incidence of tetanus in Germany has fallen below 15 cases per year (24) 
Conclusions about nationwide case numbers of pertussis are barely possible because pertussis has not been a notifiable disease in Germany for several years. On the basis of state-specific regulations in the new states, for this part of Germany a rising incidence between 2010 and 2012, to 42 cases per 100 000 population, was documented. In terms of the causes of death statistics, between 2002 and 2012 in the new German states, seven deaths were documented, all in persons older than 60. In the old federal states, five deaths occurred, including three in infants (25) . The goal of herd immunity is very much at risk because even immunized persons can transmit the pathogen. Furthermore, the age at which persons became infected has risen, because the protection conferred by the vaccine is limited to 10 years. For this reason, adolescents and older persons increasingly contract pertussis (12, 14, 25) . The intention is therefore to improve immunization rates, which in some districts can only be described as unsatisfactory, in order to especially protect infants and older persons. After a change to the IfSG, since 29 March 2013, pertussis has become a notifiable disease once again, on a nationwide basis, and the hope is that the data thus collected will enable conclusions about trends in the nationwide incidence of this infection.
The immunization rate that is required to reach comprehensive herd immunity against polio depends on the vaccine, among others. When the inactivated polio vaccine is used, which has been recommended in Germany since 1998, higher immunization rates are required for the effective prophylaxis of endemic polio outbreaks than for the live polio vaccine, since vaccinated persons can still transmit the virus. As multiple factors of influence are at play, independently of the vaccine used, no herd immunity threshold can be defined (26) . In Germany, the IfSG stipulates that any suspected case and confirmed case of polio, and each death from the infection, as well as the direct and indirect confirmation of the poliovirus, have to be notified. A suspected case scenario is given in any occurrence of acute flaccid paralysis of an extremity (AFP), unless this is due to trauma (e8). The renewed occurrence of polio in Syria and Somalia in 2013 is a setback for the global eradication that was the goal and underlines the importance of a high immunization rate and careful AFP surveillance, in order to prevent spread of disease in cases of imported poliovirus.
Immunization rates for hepatitis B are unsatisfactory in many areas of Germany. The recently changed collection of data on basic immunization after using a monovalent vaccine (complete protection after three doses) or a combination vaccine with a pertussis component (complete protection after four doses) has not yet been applied in all German Länder, and this may result in deceptively low immunization rates (9) . The case numbers in recent years (notified cases 2012: 675; 2013: 687) (27) show, however, in connection with the unsatisfactory immunization rates, that educational measures to ensure better acceptance of the vaccination are urgently required.
Immunization rates for the measles vaccine are also too low in many districts in Germany. The number of notified cases has for many years shown fluctuations and recurring endemic outbreaks (5) . After 165 cases in 2012, a total of 1775 cases were registered in 2013, of these 789 in Bavaria and 493 in Berlin (27) . An analysis of billing data of the regional Associations of Statutory Health Insurance Physicians regarding measles diagnoses gives rise to the suspicion that data on measles provided by the surveillance project of the Association of Statutory Health Insurance Physicians, which uses billing data from the association to determine immunization rates at the regional level. One of the advantages of the database is the fact that it includes immunization rates from specific age groups (37, 38) . It might even be useful for determining immunization rates against human papillomavirus (HPV) in girls-data that currently cannot be collected nationwide in a standardized manner because of the recommended immunization period from the 9 th to the 14 th year of life (39) . What is clearly a limitation, however, is that only persons who are insured in statutory health insurance funds are included (about 85% of the population), and that the validity of the data is restricted if, for example, an insured person moves to an area that is under the responsibility of a different Association of Statutory Health Insurance Physicians.
Conclusion
Mapping the data at district level makes it possible to identify regions with particularly low immunization rates, where an increased need for education and information exists.
Nationwide, immunization rates for tetanus, pertussis, and polio are high in Germany, but regionally, these should be improved. With regard to hepatitis B and measles, increased measures are required to improve acceptance of these immunizations. In order to be able better to plan future information campaigns, the causes of skepticism and acceptance vis-à-vis immunization need to be studied further. Especially for the measles vaccine, consistent immunization recommendations should be sought, so that comparability is ensured and immunization rates can potentially be improved at the regional level.
cases are incompletely captured, although the disease is notifiable (28) . The herd immunity threshold can be assumed to be reached when the immunization rates are 94-96% (e2). Skepticism towards the measles vaccine has been supported by negative descriptions in the media and individual wrongful scientific publications (18) . In order to achieve the objective of measles eradication by improving immunization rates, educational measures to improve acceptance among doctors and the population are crucial.
The appointment of a national verification commission for measles/rubella by the Federal Ministry of Health in December 2012 constitutes a further step towards improving the epidemiological surveillance of infections (29) .
For almost all immunizations presented in this article, a nationwide, consistent description of immunization rates according to STIKO is possible. Saxony has different recommendations for immunization, and this affects the comparability of the measles immunization. In order to optimize nationwide comparability, the Robert Koch Institute has published data from the examinations of second-year students in Saxony. This examination is not designed to capture the complete data, in contrast to the school entrance examination (30) . With a rate of 88.1% (2012), the measles immunization rate in Saxony published by the RKI is clearly higher than the rate at the school entrance examination, of 62.2%, but it is still the lowest immunization rate in all of Germany. As the children grow older, the wellchild visits are attended increasingly less (30, 31, e9) . Furthermore, completion of the immunization status is hampered by the fact that the numbers of visits to pediatricians in general are falling. An improvement in the measles immunization rate in Saxony could possibly be achieved by making the state's immunization recommendations consistent with those of the STIKO.
Limitations
Although it was possible to note regional differences as a result of the geographical analysis, this did not yield any causal explanation. An analysis published earlier showed an association between doctors' regionally differing attitudes towards vaccination and immunization rates (32) . Parents' rejection of immunizations in different regions and parts of the population was confirmed as a risk factor at the national and international levels (33) (34) (35) . In addition to the absence of compulsory vaccination in Germany, such parental opposition constitutes a further important factor affecting immunization rates.
The fact that the age at which relevant infections are contracted has shifted to adulthood remains a challenge-for example, 64% of all notified cases of pertussis and 39% of cases of measles (5, 25) . Regularly collected nationwide data on the immunization status of adults are currently not available. The investigation of a sample of the adult population showed unsatisfactory immunization rates against diverse infections (36) . An alternative data collection option is • Immunization rates in the former East German states tend to be higher than in the former West.
• With regard to vaccination against hepatitis B and measles, immunization rates in the population in some regions-especially Bavaria and Baden-Württem-berg-are unsatisfactory.
• Especially for hepatitis B and measles immunization, educational measures are crucial, in order to improve the general acceptance of the immunizations and the awareness of possible complications of vaccine-preventable diseases, in doctors as well as in the population.
• Nationwide consistent recommendations for immunization might lead to improved immunization rates. 
